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Abstract 
This paper aims to investigate the influence of comparative ventilation arrangements (wall-return, 
locally balanced ceiling-return, and four-way ceiling-return) on the airflow distribution and particle 
fates within cleanrooms of ISO cleanliness class 7 with various tool coverage ratios (0%, 38%, and 
60%). Computational fluid dynamics (CFD) was employed to analyze and compare the influence 
of the three ventilation arrangements on concentrations for particles of various sizes (diameters 
ranging from 0.01 to 100 μm) in the cleanrooms. The techniques of Eulerian and Lagrangian in CFD 
were employed for solving the continuous fluid and tracking the particle trajectory, respectively. 
The outcomes from this study suggested that particle removal rates for the given cleanrooms 
were significantly affected by the tool coverage ratios, the design of ventilation, and the particle 
sizes of concerns. In the cases of heavy tool coverage, the locally balanced ceiling-return 
ventilation arrangements can minimize the need for the relocation of the production lines and 
layouts of the production tools in cleanrooms, and may provide viable solutions to effective  

contamination without compromising contamination effectiveness or efficiency. 
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1 Introduction 

In a typical industrial cleanroom where particle con- 
centration is controlled, wall-return coupled with recirculation 
from ceiling is commonly designed and constructed to 
create non-unidirectional airflows inside the cleanroom. 
Often, actual production tools installed in cleanrooms may 
affect the airflow pathway leading to wall-return exits. 
According to the definition of Airborne Particulate 
Cleanliness Classes in ISO Standard 14644-1 (1999), air 
cleanliness class in industrial cleanrooms is associated with 
the concentration of airborne particles along with diameter 
of the particles of concern. Equation (1) shows the maximal 
permitted particle concentration (Cn) in relation with ISO 
cleanliness class (N), and the associated diameter of the  
particles of concern (D). 

2.08
n 10 (0.1/ )NC D= ×                              (1) 

where nC  is the maximum-permitted number of particles 
per cubic meter equal to or greater than the specified 
particle size (D, in μm), with N being the ISO cleanliness  
class number (a multiple of 0.1 and no more than 9). 

In an existing arrangement of airflow path in a 
cleanroom with ISO cleanliness classes 6 to 8, filtered air is 
supplied from the ceiling equipped with fan-filter units 
(FFUs) to create non-unidirectional airflows and returned 
to the wall grilles that are vertical to the floor. In such a 
wall-return cleanroom, the directions of airflows could be 
largely consistent with the movement of settling particles, 
while the return air shafts (RAS) are normally required. 
Electric power demand for FFUs can be increased due to 
long paths of airflows in the recirculation systems (i.e., 
from the FFU outlets through RAS, then back to the inlets 
of FFUs) and increased resistance. In addition, the airflow 
distribution can be significantly influenced by the location 
and coverage of production tools, devices, and the movements  
of operators. 
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List of symbols 

FA  additional force coefficient (m/s2) 
FD  drag force coefficient (s–1) 
g  gravitational acceleration (m/s2) 
k  turbulence kinetic energy (m2/s2) 
P  pressure (Pa) 
V  velocity vector (m/s) 
u, v, w velocity component in the x, y, and z directions, 
  respectively (m/s) 
β  thermal expansion coefficient (K–1) 
Γ  effective exchange coefficient 
ε  turbulence kinetic energy dissipation rate (m2/s3)

μ  dynamic viscosity (Pa·s) 
ρ  fluid density (kg/m3) 
φ   dependent variable 

Subscripts 

e  effective 
x, y, z the x, y, and z directions in Cartesian  
  coordinates, respectively (m) 
p  particle 
t  turbulent 

 

Murakami et al. (1989) numerically studied the diffusion 
field of particle contaminants in a cleanroom (ISO cleanliness 
class 7) with turbulent flows (i.e., non-unidirectional flows). 
The supply grilles have great influence on the flow fields 
and also a rather large influence on contaminant diffusion 
fields. A change in arrangement or in the number of exhaust 
grilles hardly affects the entire flow field; however, such 
change often has a large influence on the contaminant 
diffusion field since the path of contaminant transportation 
is changed greatly by the position of the exhaust grilles. In 
addition, Kato et al. (1992) indicated that location changes 
in return or return arrangement often have large influence 
on the contaminant diffusion field because of different 
paths of contaminant transportation. Lu and Howarth 
(1996) used a numerical model predicting the movements 
of air and aerosol particle in two interconnected ventilated 
zones. The particle deposition and migration are mainly 
influenced by the particle properties, the ventilation con- 
ditions and the airflow patterns in the two zones. Particle 
migrates faster with a high ventilation rate. Larger particles 
(dp= 4 μm) deposit much faster than smaller particles 
(dp= 2 μm). Yang et al. (2009) employed computational 
fluid dynamics (CFD) numerical modeling using Re- 
Normalization Group (RNG) k-ε method to examine the 
effects of various ventilation designs for an ISO Class 5 
cleanroom on contaminant dispersion and particle 
concentrations and identified optimal ventilation options 
confirmed by experimental measurements. Shimada et al. 
(1996) studied experimentally and theoretically the change 
in concentration distribution of particulate contaminants 
emitted in a room to investigate whether the transport of 
contaminants in a room with a source of particles can be 
predicted by numerical simulation. The experimental 
results showed that the concentration distribution depends 
on the position of introduction of the contaminants. It was 
also indicated that the contaminants introduced near the 
room floor diffuse more than those predicted. However, 

the calculated concentrations agreed almost quantitatively 
with the measured results, except near the floor and walls. 
Hu and Tung (2002) used Eulerian and Lagrangian methods 
to examine the airflow fields and particle fates in non- 
unidirectional-flow cleanrooms (ISO cleanliness class 7), 
and have found that a wall-return type cleanroom is less 
effective in dispatching particles to return/exhaust exits 
than the locally balanced supply-return airflow rate system 
(i.e., the exhaust grilles are installed so that the supply and 
exhaust airflow rates are balanced locally in that space), 
except that particles generated close to return grilles are 
more effectively returned from the cleanroom. Zhao and 
Wu (2005) investigated particle diffusion with gravitational 
sedimentation in a clean room with different ventilation 
modes by CFD. The results showed that ventilation mode, 
particle source location and air exchange rate can influence  
particle distribution in a clean room. 

In industrial buildings, cleanrooms designed with the 
ceiling-return arrangements normally present less barrier 
compared with wall-return arrangement, especially con- 
sidering the needs for relocation of production lines and 
layouts of the production tools in such facilities. With the 
increasing application and advancement of FFUs for air 
recirculation in cleanrooms (Chen et al. 2007; Xu et al. 
2007), installing supply and return air grilles on the ceiling 
become feasible. Such arrangement applied the characteristics 
of negative pressure within supply-air plenums to facilitate 
the return air from the interior of the cleanroom to the  
ceiling grilles. 

2 Purpose 

In order to identify and develop viable solutions to effective 
contamination control for critical industrial buildings, this 
study aimed to examine and compare the performance of 
three ventilation arrangements: the ceiling-return, the wall- 
return, and the four-way ceiling-return in non-unidirectional 
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airflow cleanrooms using Eulerian and Lagrangian methods. 
The ceiling-return designs have locally-balanced supply 
and return grilles, i.e., the return grilles are locally located 
around each supply grille, and the total area of each 
supply-air-grille opening equals to that of return-air-grille 
openings around the supply grille. In order to understand 
compounding effects of tool coverage in the cleanroom, we 
develop CFD models to simulate the air and particle 
movement in the cleanroom with three levels of tool coverage  
and with three ventilation arrangements. 

3 Numerical simulation 

3.1 Methodology 

A control-volume-based technique is used to convert the 
governing equation into an algebraic equation that can be 
solved numerically (Fluent 2004). This control volume 
technique consists of integrating the governing equations 
about each control volume, yielding discrete equations that 
conserve each quantity on a control-volume basis. The air 
movement in the steady flows complies with the principle  
of conservation and is expressed in general form as follows: 

φ φφ φdiv( ) div( )ρV Γ S= ∇ +                        (2) 

The diffusion coefficients φΓ  and the source term φS  for 
each dependent variable φ  are summarized in Table 1. 
Field variables (stored at cell centers) must be interpolated 
to the faces of the control volumes in the finite volume 
method. The diffusion terms were central-differenced and 
always second-order accurate. Using the second-order 
discretization will generally obtain more accurate results. 
Thus, the second order upwind scheme was used for the 
treatment of the convection and diffusion-convection 
terms in the governing equation in the present study. After 
discretization, the transport equation contains the unknown 
scalar variable φ  at the cell center as well as the unknown 
values in surrounding neighbor cells. This equation, in 
general, is nonlinear with respect to these variables. A 
linearized conservation equation for a general variable φ  at  
a cell P can be written as follows (Fluent 2004): 

φ φnb nb
nb

p pa a b= +∑                                (3) 

where the subscript nb refers to neighbor cells, ap the 
center coefficient for φ , anb the influence coefficients for 
the neighboring cells φnb, and b the source term. This results 
in a set of algebraic equations with a sparse coefficient 
matrix. For scalar equations, Fluent solves this linear 
system using a point implicit (Gauss-Seidel) linear equation  

Table 1 Variables, diffusion coefficients, and source terms in the 
governing equations 

Equation φ  φΓ  φS  

Continuity 1 0 0 

u μe= μ+ μt

e e

e

P u vμ μx x x y x

wμz x

∂ ∂ ∂ ∂ ∂− + +
∂ ∂ ∂ ∂ ∂

∂ ∂+
∂ ∂

( () )

( ) 

v  μe= μ+ μt

e e

e

P u vμ μy x y y y

wμ ρgz y

∂ ∂ ∂ ∂ ∂− + +
∂ ∂ ∂ ∂ ∂

∂ ∂+ −
∂ ∂

( () )

( ) 
Momentum 

w μe= μ+ μt

e e

e

P u vμ μz x z y z

wμz z

∂ ∂ ∂ ∂ ∂− + +
∂ ∂ ∂ ∂ ∂

∂ ∂+
∂ ∂

( () )

( ) 
Kinetic energy k t

k

μμ σ+ bkG G ρε+ −  

Dissipation rate ε t

ε

μμ σ+
2

1 3 b 2( )ε k ε ε
ε εC G C G C ρk k+ −  

where 

t ,kG μ S=  t
b

t
,μ ρG g ρPr y

∂=−
∂

 
2

t ,μ
kμ ρC ε=  0.0845,μC =   

1 1.42,εC =  
( )3

0
2 3

1 /
1.68 ,1

μ
ε

C η η η
C βη

−
= +

+
 3 2 2tanh ,ε

vC
u w

=
+

  

= = 0.7179,k εσ σ  0.012,β =  0 4.38,η =  / ,η Sk ε=  
2 2 2 2 2

2

2 u v w u v u wS x y z y x z x

v w
z y

⎡ ⎤∂ ∂ ∂ ∂ ∂ ∂ ∂⎢ ⎥= + + + + + +⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂ ∂⎢ ⎥⎣ ⎦
∂ ∂+ +
∂ ∂

( ( ( ( () ) ) ) )

( )
 

 
solver in conjunction with an algebraic multi-grid (AMG) 
method. The algorithm of semi-implicit method for pressure 
linked equations (SIMPLE) developed earlier (Patankar 1980), 
gained the broadest application in the CFD calculation 
(Kim et al. 2002; Zhai et al. 2004; Chang et al. 2006; Cheong 
and Phua 2006; Zhang and Chen 2006; Kassomenos et al. 
2008), and was used to solve iteratively the pressure-velocity  
coupling equations in the present study. 

A reliable turbulence model, numerical scheme, and 
numerical algorithm could increase the accuracy of 
simulation. Turbulence models (Reynolds Averaged Navier- 
Stokes equations), especially two-equation model, already 
become the universal used methods in the computation of 
indoor flow field (Wang et al. 2006). The re-normalization 
group (RNG) k-ε model has been successfully applied to 
simulate indoor airflow fields (Feziger and Peric 2002; Yi 
and Malkawi 2008; Cheng et al. 2009). Chen (1995) compared 
different k-ε models for indoor air flow computations and 
reported that the RNG k-ε model is slightly better than the 
standard k-ε model and is recommended for simulations of 
indoor air flow. Therefore, the RNG k-ε model was used to  



Tung et al. / Building Simulation / Vol. 3, No. 1 6

predict the airflow field in the present study. 
Moreover, this study judged the convergence not only 

by examining residual levels, but also by monitoring relevant 
integrated quantities. All discrete conservation equations 
are obeyed in all cells to a specified tolerance and solution 
no longer changes with more iterations. The convergence 
criterion in this study requires that the scaled residuals 
decrease to 10–3 for all equations in the governing equations 
except the energy equation, which is not calculated in the  
present study. 

The standard wall functions for the k-ε turbulence 
model were adopted to link the solution variables at the 
near-wall cells and the corresponding quantities near the 
wall. The standard wall functions employed in the present 
study is based on the proposal of Launder and Spalding 
that have been extensively used for industrial flows. To 
resolve reliable turbulence phenomena near the wall, the 
grid nearest to the wall fell into the logarithmic layer (that 
is, y + > 30 − 60). Moreover, the turbulence kinetic energy k 
and the turbulence kinetic energy dissipation rate ε employed 
in air supply and air outlet are calculated by the following  
equations: 

( )2avg
3
2

k u I=                                    (4) 

( )3 4 3 2
με C k l=                                    (5) 

h0.07l D=                                       (6) 

where uavg refers to the mean flow velocity, I the turbulence 
intensity, Dh the hydraulic diameter, and Cμ= 0.09.  

The trajectory of a discrete phase particle is predicted 
by integrating the force balance on the particle, which is 
expressed in a Lagrangian reference frame. This force 
balance equates the particle inertia with the forces acting 
on the particle, and can be written (for the x direction in  
Cartesian coordinates) as follows:  

p
D p p p A

d
( ) ( )/

d x
u

F u u g ρ ρ ρ F
t
= − + − +                (7) 

Here, the left hand side of the Eq. (7) represents the inertial 
force per unit particle mass, where up is the particle velocity 
vector. D p( )F u u−  refers to the drag force per unit particle 
mass, where u is the velocity of the air. p p( )/xg ρ ρ ρ−  is the 
force of gravity and the buoyancy on the particle, where ρ 
and ρp are the density of the air and the particles, respectively. 
FA stands for additional forces per unit particle mass that 
may be important. Note that in order to predict the 
dispersion of particles due to turbulence, the fluctuating 

velocity value ( )u'  is added to the instantaneous velocity 
value (u), i.e., u u u= + ' . The mean velocity ( ),u  which is 
the direct output of CFD, determines the convection of the 
particles along the streamline, while the fluctuating velocity  
contributes to the turbulent diffusion of particles.  

The integration time step (Δ )t  is computed by FLUENT 
(Fluent 2004) based on a specified length scale L, and the 
velocity of the particle (up) and of the continuous phase (u): 

( )pΔ /t L u u= +                                 (8) 

where L is proportional to the integration time step and is 
defined as the distance that the particle will travel before its 
motion equations are solved again and its trajectory is 
updated. The length scale L is set to 0.01 m in the present 
study. It is for reference that, when we calculated the particle 
trajectories in a personal computer, CPU: 2.4 GHz-Intel 
Core 2 Quad Q6600, and Memory: 4 GB-DDR2, the total 
time required to complete the tracking for particle sizes of 
0.01, 0.1, 1, 10, and 100 μm was about 168, 167, 157, 106, 
and 0.1 min, respectively, in the case of the ceiling-return 
type cleanroom with the tool coverage ratio of 38%. 

3.2 Room models 

Figures 1 through 3 show three ventilation arrangements of 
locally balanced ceiling-return (model A), wall-return (model 
B), and four-way ceiling-return (model C) employed in the 
non-unidirectional airflow cleanroom in this study, of 
which the total area and numbers of supply/return-air 
grilles are presented in Table 2. The dimensions of each 
studied cleanroom model are the same: 7.8 m (length)×3.2 m 
(height)×7.8 m (width) in the x, y, and z directions. 
Second, ventilation systems are all balanced in that the total 
area of supply-air grilles are the same as that of the return-air 
grilles in each of the design (i.e., having a total area of 3.24 m2 
openings for supply and return grilles, respectively), while 
the numbers and locations of return grilles are all different  
among three designs.  

The arrangements of return air grilles in each room 
model are different in locations and individual grille sizes, 
while those of supply air grilles are the same, consisting of 
nine square grilles (each size of 600 mm×600 mm). In 
model A (Fig. 1), the supply and the return grilles in the 
locally balanced ceiling-return cleanroom are arranged in a 
diamond pattern to catch the rising air streams toward the 
ceiling exit. In model B (Fig. 2), the wall-return cleanroom 
has four separate return grilles, located in the opposite walls 
near the floor and corners, each sizing 600 mm×1350 mm. 
In model C (Fig. 3), the four-way ceiling-return cleanroom 
has four sets of return grilles (each having four long narrow 
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opening sizing 600 mm× 150 mm). Each set is located 
around one supply-air grille on the ceiling. For each of the 
ventilation design, three tool coverage ratios (defined as the 
floor area occupied by the tools divided by the total 
cleanroom floor area) are selected: 0%, 38%, and 60%. 
Figures 1− 3 show the locations of the tools.  
 

 
Fig. 1 Model A: a locally balanced ceiling-return ventilation 
arrangement 

Fine meshes could reach a better accuracy than coarse 
meshes; hence, the present study applied 1 444 268, 1 839 024, 
and 1 839 024 cells for the models A, B, and C, respectively. 
The grids and cells are unstructured and hexahedral, and 
the grid systems reach an independent solution. In model 
A with the tool coverage ratio of 38%, examples of four  
grid densities, 435 709 (Case 1), 843 804 (Case 2), 1 155 412 
(Case 3), and 1 444 268 (Case 4) cells were exhibited for the 
 

 

Fig. 2 Model B: a wall-return ventilation arrangement 
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Fig. 3 Model C: a four-way ceiling-return ventilation arrangement 

Table 2 Total area and numbers of supply/return-air grilles 

Supply grille Return grille 

Model 
Location Number 

Total 
area 
(m2) 

Location Number
Total 
area 
(m2) 

A Ceiling 9 3.24 Ceiling 16 3.24 

B Ceiling 9 3.24 Wall 4 3.24 

C Ceiling 9 3.24 Ceiling 36 3.24 

grid independent study. Figure 4 presents the results of 
grid independent test; here the velocity magnitude of room 
air was monitored among points (3.9, 0, 2.7) and (3.9, 3.2, 
2.7) in Cartesian coordinates, close to a location of particles 
generated. The velocity at the monitored points in the case 
of 1 155 412 cells was quite close to the one in the case of 
1 444 268 cells; moreover, the relative error of the average 
velocity of room air between Cases 1 and 2, Cases 2 and 3, 
and Cases 3 and 4 reported 3.6%, 3.5%, and 1.0%, respectively. 
As the difference between Cases 3 and 4 was insignificant, 
it could be concluded that the grid system reached an 
independent solution. Therefore, the grid density with 
1 444 268 cells was found to be sufficient and applied into  
the continue study. 

3.3 Boundary conditions 

Several assumptions are made to simplify the simulation, 
including (1) incompressible, iso-thermal, and 3D steady- 
state turbulent flow, (2) spherical solid particles, and (3) no 
interaction between the continuous and discrete phases. 
The inlet flow is defined as entering the room with a 
uniform velocity, v =−0.35 m/s. This corresponds to the 
supply airflow rate of 0.35×3.24×3600=4082 m3/h, resulting 
in 21 air changes per hour (ACH= 4082/(7.8×7.8×3.2)), 
higher than the minimal air change rate (i.e., air change 
rate no less than 20 ACH) for ISO-Cleanliness-Class-7 
cleanrooms recommended by IEST-RP-CC012.2 for non- 
unidirectional airflow (IEST 2007). Neumann boundary 
conditions are applied at the outlet to satisfy the mass 
conservation law. A non-slip condition at the solid wall is  
applied, such that the velocity at its surface is set to zero.  

For discrete phase calculations, the diameters of particles 
are divided into five groups—0.01 μm, 0.1 μm, 1.0 μm, 10 μm, 
and 100 μm. Predicting the particle fates is at the same base 
conditions in all studied cases; this study, hence, assumes 
that the particle source is located fictitiously at 3.9− 5.0 m 
(length), 1.5 m (height), and 2.7 m (width) in the x, y, and z 

 
Fig. 4 Grid independent test 
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directions (that is between tools in the cases of the cleanroom 
with tools), and 1 000 000 particles each kind of diameter 
are injected in a linear variation between points (3.9, 1.5, 
2.7) and (5.0, 1.5, 2.7) in Cartesian coordinates. All 
particles are assumed have the same density of 1550 kg/m3. 
The “escape” boundary condition is assumed at the outlet 
boundaries, i.e., defined as having “escaped” when they 
encounter the boundaries. When particles encounter any 
wall, they are assumed to be “trapped” on the wall, indicating 
that the calculation is terminated and the particles remain 
“attached” to the walls. If the maximum number of time 
steps, used to compute a single particle trajectory via 
integration of Eq. (7), is insufficient for completion of the 
trajectory calculation, the fate for a particle trajectory will 
be “incomplete”. In this case, when trajectories are reported 
as incomplete within the domain and the particles are not 
recirculating indefinitely, the maximum number of time steps  
shall be increased. 

4 Results and discussion 

4.1 Flow fields 

The supply grilles were located over the center of each tool 
in models A, B, and C, whereas the return grilles were 
located above a space between the tools, at the low parts of 
side walls, and at the surroundings of the supply grilles   
in Figs. 5−7, respectively. In order to show airflow fields 
containing the supply and return grilles, three different 
locations of plans were cut in Figs. 1−3. Since the streamlines 
of velocity vectors in the red sections, as revealed in 
Figs. 1− 3, are symmetric, Fig. 5 shows half the streamlines 
of velocity vectors at a plan cutting across a diagonal line of 
the x-z axle, referring to a red section in Fig. 1, while Figs. 6 
and 7 show the ones at the x-y plans of z= 6.52 m and 
z= 3.9 m, referring to the red sections in Figs. 2 and 3,  
respectively. 

In model A (Fig. 5), at the tool coverage ratio of 0%, as 
shown in Fig. 5(a), the ceiling supply air reached downward 
to the floor, and then returned upward to the ceiling return 
grilles. Large recirculation airflows and swirls were generated 
between the falling and the rising airflows, and resulted in 
stagnation regions. At the tool coverage ratio of 38%, as 
shown in Fig. 5(b), when the downward airflow from the 
supply grilles hit the top surfaces of the tools, the airflow 
was separated into two horizontal streams (the left and the 
right). After hitting the top surfaces of the tools on the left, 
the airflow between the tools and walls were flowing towards 
the upper return grilles, while the opposite air stream was 
flowing towards the upper return grilles and flowing 
downward between the tools. Swirls were created between  

 
Fig. 5 Streamlines of velocity vectors in model A 
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tools at a floor height of about 2.5 m, and particles were 
easily accumulated in the regions because the downward 
airflows made it difficult to transport particles upward to 
the ceiling return grilles. At the tool coverage ratio of 60%, 
as shown in Fig. 5(c), the streamlines of velocity vectors above 
the floor height of about 2.6 m in Fig. 5(c) were similar to 
the ones in Fig. 5(b); moreover, swirls were found between 
the wall and tool at below the floor height of about 1.2 m, 
and particles were also easily accumulated in the regions. 
However, it was observed that the rising airflow was also 
formed between the wall and tool and beneficial in removing  
particles towards return grilles on the ceiling. 

In model B (Fig. 6), at the tool coverage ratio of 0%, as 
shown in Fig. 6(a), the ceiling supply air downwardly 
flowed towards the low wall-return grilles near the floor, 
and a swirl was formed at the left side of this airflow path. 
Another large swirl was formed between two downward 
supply jets at below the floor height of about 1 m. Particles 
in the swirl regions were difficult to be extracted out of the 
cleanroom. At the tool coverage ratio of 38%, as shown in 
Fig. 6(b), when the ceiling supply airflow downwardly hit 
the top surfaces of the tools, the airflow was also divided 
into two horizontal directions (the left and the right). The 
left airflow after hitting the top surfaces of the tools was 
downwardly flowing towards the low wall-return grilles, 
and resulted in two swirls in a diagonal arrangement at 
above the floor height of about 1.7 m, while the right 
airflow after hitting the top surfaces of the tools was 
downwardly flowing along one side of the tool, and 
resulted in two large recirculation airflows in a diagonal 
arrangement at above the floor height of about 1 m. 
Particles were easily accumulated between the tools and 
between two supply grilles, due to the occurrence of swirls 
and large recirculation airflows. At the tool coverage ratio 
of 60%, as shown in Fig. 6(c), the streamlines of velocity 
vectors in Fig. 6(c) were similar to the ones in Fig. 6(b). 
Swirls and recirculation airflows were formed at above the 
floor height of about 1.6 m. 

In model C (Fig. 7), at the tool coverage ratio of 0%, as 
shown in Fig. 7(a), swirls and large recirculation airflows 
were formed beside the downward supply air jet. At the 
tool coverage ratio of 38%, as shown in Fig. 7(b), swirls and 
large recirculation airflows were formed at above the floor 
height of about 2 m. Particles hardly escaped from these 
regions and were easily accumulated in these regions. The 
airflow between the tools was rising towards the 
ceiling-return grilles. These rising airflow will carry about 
particles affected easily by the movement of airflow 
towards the return grilles. At the tool coverage ratio of 60%, 
as shown in Fig. 7(c), the streamlines of velocity vectors in 
Fig. 7(c) were similar to the ones in Fig. 7(b). 

 
Fig. 6 Streamlines of velocity vectors in model B 
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Fig. 7 Streamlines of velocity vectors in model C 

4.2 Particle fates 

The stochastic tracking model was applied to predict the 
dispersion of particles, due to the turbulence of airflow. For 
particles easily affected by the movement of airflow, such as 
submicron particles, the room airflow had a great impact 
on particle fates. A particle escaped ratio was defined as the 
ratio of the numbers of escaped particles to the numbers of 
released particles. Figures 8− 10 show the ratios of escaped 
particles with diameters of 0.01 μm, 0.1 μm, 1.0 μm, 10 μm, 
and 100 μm, each corresponding to three tool coverage ratios 
in ventilation models A, B, and C, respectively. A higher 
number of escaped particles indicated higher particle removal  
efficiency. Key findings were:  

(1) No particles with diameter of 100 μm or larger were 
removed from the cleanrooms with any of the three tool 
coverage ratios by any of the ventilation arrangements   
(A, B, and C). This was because gravitational forces were 
dominant—making it difficult to remove the large particles 
from the cleanroom via the ventilation arrangements in this  
study. 

(2) Compared with cleanrooms with higher tool coverage 
ratios, an empty cleanroom benefited from achieving higher 
particle removal rates for all three ventilation arrangements 
(models A, B, and C). For example, the numbers of escaped 
particles in models B and C were consistently reduced 
corresponding to the increases in tool coverage ratios 
(from 0% to 38% then to 60%). This was likely because the 
large tools blocked the airflow paths in the cleanroom and 
more particles would be trapped by the eddies that made it 
difficult for particles to escape. On the contrary, when the 
tool coverage ratio increased from 38% to 60%, the escaped 
particles in model A exhibited a reversed trend—the removal 
rate actually increased instead. In this ventilation mode, the 
higher tool coverage ratio (i.e., 60%) actually have reduced 
the eddies that were associated with the lower tool coverage 
ratio (i.e., 38%), which presented barriers against the particles 
designed to move towards the upper return grilles of the  
cleanroom. 

(3) For the empty cleanroom (tool coverage ratio of 0%, 
as shown in Fig. 8), the percentage of the escaped particles 

10 μm diameter in models A, B, and C were 70%− 71%, 
41%− 45%, and 71%− 77%, respectively. For particles 

10 μm in diameter, particle removal efficiency using 
ventilation arrangement B in the empty cleanroom was lowest 
among all three arrangements. The number of escaped 
particles in model A or C was about 1.7 times the one in 
model B. It may be that the model B had only four return 
grilles located on the side walls, while the return grilles in 
models A and C were uniformly distributive; hence, particles 
far away from the wall return grilles in model B were hardly 
extracted. Moreover, since models A and C featured the 
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Fig. 8 Ratios of the escaped particles at the tool coverage ratio of 
0% in models A, B, and C 

locally balanced flow rates of the supply and return air, 
they had the better effect on the removal of particles than 
model B in the empty cleanroom; whereas model B could 
not feature the locally balanced airflow rate, as the return 
grilles were located on the side walls and not locally around  
each ceiling supply grille. 

(4) For the cleanroom with moderate tool coverage (tool 
coverage ratio of 38%, as shown in Fig. 9), the percentage 
of the escaped particles 1.0 μm diameter in models A, B, 
and C was 11%, 32%, and 31%, respectively, while the one 
of 10 μm diameter in models A, B, and C was 1%, 17%, and 
13%, respectively. In this cleanroom setting, ventilation 
arrangements B and C exhibited higher particle removal 
efficiency than ventilation arrangement A. This was because 
significantly more swirls were generated between the tools 
and blocked particles from being removed via the ceiling 
return grilles, and the room airflow was mostly downward 
and against removing particles towards the upper return 
grilles. As for models B and C, there was no significant 
difference in removing submicron particles. Model B or C 
had larger escaped particles 1.0 μm diameter than model 
A by about 2.8 times in the cleanroom with slight tool  
coverage ratio at 38%. 

(5) For the cleanroom with high tool coverage (tool 
coverage ratio of 60%, as shown in Fig. 10), the percentage 
of the escaped particles 1.0 μm diameter in models A, B, 
and C was 31%− 32%, 21%, and 7%, respectively, while the 
one of 10 μm diameter in models A, B, and C was 0.6%, 
5.3%, and 1.3%, respectively. Model A exhibited highest 
particles removing rate for the particles that were no larger 
than 1.0 μm in diameter but had the lowest removal efficiency 

 
Fig. 9 Ratios of the escaped particles at the tool coverage ratio of 
38% in models A, B, and C 

 
Fig. 10 Ratios of the escaped particles at the tool coverage ratio of 
60% in models A, B, and C 

for particle of 10 μm in diameter. For the removal of 
particles 1.0 μm diameter, model A was at a rate of about 
1.4 and 4.5 times greater than models B and C in the 
cleanroom with large tool coverage ratio, respectively. This 
was likely because the model A created least amount of swirls 
compared with two other models for submicron airborne 
particles. Both model A and C become ineffective to remove 
larger particles via the ceiling due to more dominant 
gravitational forces. Moreover, the downward airflow between 
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the tools in model A helped the larger particles settle down 
on the floor and resulted in the worst removal of particles.  

5 Conclusions 

The present study employ CFD to qualitatively and 
quantitatively investigate the streamlines of velocity vectors 
and the fates of particles of diameters 0.01 μm, 0.1 μm, 
1.0 μm, 10 μm, and 100 μm in cleanrooms with three different 
ventilation arrangements and three levels of tool coverage 
ratios. The three ventilation arrangements are locally balanced 
ceiling-return, wall-return, and four-way ceiling-return 
respectively to maintain contamination control for non- 
unidirectional airflow cleanrooms with air change rates 
above the minimal value (20 ACH) recommended for ISO 
cleanliness class 7. Results indicate that increasing tool 
coverage ratios in the cleanrooms has an adverse impact on 
the efficiency in particle removal from the cleanrooms in 
all ventilation arrangements. Second, the arrangements of 
locally balanced ceiling-return, wall-return, and four-way 
ceiling-return ventilation models can effectively remove 
particles no more than 1.0 μm in diameter for the tool 
coverage ratios of 60%, 38%, and 0%, respectively. For 
removing 10 μm diameter particles from the empty cleanroom, 
three ventilation models exhibited similar efficiency to those 
of submicron particles; whereas all the ventilation models 
become essentially ineffective to remove when the tool 
coverage ratios are above 38%. In addition, particles larger 
than 100 μm in diameter would not be removed effectively 
using any of the ventilation schemes studied in this paper. 
It is recommended that detailed study should be performed 
when selecting and identifying optimal ventilation design, 
taking into account of cleanroom size, cleanliness level, 
sizing of ventilation system, air change rate, along with tool 
coverage requirements. The results presented in this paper 
are subject to the airflow characteristics ignoring the 
energy effects. Future researchers may like to expand the 
air distribution and particle fate to cover the energy issues 
and others, such as the supply air temperature, heating  
source, and tools’ surface temperature and height. 
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